Objective: To report the outcomes of a posterior hybrid decompression protocol for the treatment of cervical spondylotic myelopathy (CSM) associated with hypertrophic ligamentum flavum (HLF).
Introduction
Cervical spondylotic myelopathy (CSM) is a common cause of atraumatic quadriplegia in adults [1] . Surgical decompression is the most common procedure for the treatment of CSM patients with moderate to severe or progressive neurologic deficits [2, 3] . Several techniques with anterior, posterior, or combined approaches have been developed [4] [5] [6] , with posterior decompression being the logical treatment for a spinal cord that has been compressed dorsally by a hypertrophic ligamentum flavum [7] [8] [9] . Laminoplasty is a potential posterior approach because it preserves posterior bony elements of the spinal canal and reduces the risk of post-laminectomy kyphotic deformity [10, 11] . Compared with holding the door open with a suture tethered to the facet capsule or anchored to the lateral mass, laminoplasty with a Centerpiece plate can provide rigid fixation and reduce the risk for laminae reclosure or sinking from fragility of the fixation [3, [12] [13] [14] [15] .
In CSM patients with hypertrophic ligamentum flavum (HLF), the dorsal canal elements are one cause of compression of the spinal cord (Fig. 1A, B) . To remove the HLF completely while partially preserving the posterior wall of the spinal canal, we have developed a hybrid decompression protocol, laminectomy at the C3, C5, and C7 levels and laminoplasty at the C4 and C6 levels with spinous process autograft using the Centerpiece Plate Fixation System (Medtronic Sofamor Danek, Memphis, TN, USA). The aim of this retrospective study was to perform a preliminary review of the results of this hybrid decompression protocol.
Materials and Methods
The study was approved by the Medical Ethics Committee of Tianjin Medical University General Hospital and performed according to the principles of the Declaration of Helsinki. Written informed consent was obtained from the patient whose images were used in this article, but the requirement for informed consent of the other patients was waived by the ethics committee because of the retrospective nature of this research.
The Centerpiece Plate Fixation System
The Centerpiece Plate Fixation System (Medtronic Sofamor Danek, Memphis, TN, USA) has been approved by the United States Food and Drug Administration (Regulation Number: 21 CFR 888.3050). The Centerpiece system contains open-door plates and graft plates. Open-door plates are commonly used in classic cervical laminoplasty procedures [12, 14, 15] ; in our procedure, we used the graft plates and spinous process autograft ( Fig. 2A ) to achieve rigid fixation and bone healing. Open-door plates are available in sizes from 8 to 18 mm in 2-mm increments. An oval-shaped center screw hole in the graft plate allows for fine adjustments of the plate on the graft (Fig. 2A) .
Study Participants
During a consecutive 3-year period from February 2009 through April 2012, 283 patients underwent hybrid posterior decompression in our hospital. The current study retrospectively reviewed 116 CSM patients with HLF who underwent this procedure. The researchers selected patients with CSM caused only by HLF (dorsal compression of the spinal cord owing to HLF) and patients with CSM caused by the combination of anterior disease plus HLF (dorsal compression of the spinal cord owing to HLF and anterior disease such as ossification of the posterior longitudinal ligament [OPLL] , degenerative disk disease [DDD] , and congenital pathologies). The inclusion criteria were: 1) a clear diagnosis made by history, physical examination, plain radiographs, computed tomography (CT), and magnetic resonance imaging (MRI); 2) complete pre-and postoperative imaging and clinical data records; 3) a minimum of 12 months' postoperative follow-up. Exclusion criteria were: 1) CSM patients with multilevel anterior compression only; e.g., consecutive OPLL or DDD, but without HLF; and 2) patients lost to follow-up. Of the 116 patients (89 men, 27 women [mean age 61.9 years], 55 also had segmental or localized OPLL, 41 also had cervical degenerative disk herniation (DDH), 11 also had developmental spinal canal stenosis (DSCS), and 9 had ossification of ligament flavum (OLF). Thirteen of 116 patients had single-level spinal canal stenosis, 29 had twolevel stenosis, 48 had three-level stenosis, and the remaining 26 patients had four-or five-level stenosis.
Operative Technique
Local anesthesia was provided for 75 patients, and 41 patients underwent general anesthesia and endotracheal intubation. The type of anesthesia were chosen by the anesthesiologist. Patients were placed in lateral decubitus position with the neck slightly flexed.
Surgical Procedure (Video S1)
A standard posterior approach was employed, with a midline incision created to expose the cervical laminae from the caudal edge of C2 to the cranial edge of T1 and extended laterally for complete exposure of the dorsal cortex of the bilateral facet joints. Each spinous process was removed and shaped for grafting. After removal of the C3, C5, and C7 laminae and the ligamentum flavum in the area of decompression, the C4 and C6 laminae were reconstructed. Gutters were created on both sides of the laminae by completely removing the dorsal cortex and thinning the ventral cortex at the margin between the lamina and the lateral mass using a 4.0-mm burr. A 1.0-mm Kerrison rongeur was used to complete the ventral cortex cut on the open (right) side of the lamina. The laminae were then pulled posteriorly and laterally until the dural sac was thoroughly expanded and typical dural pulsation could be seen. During elevation of the laminae, fibrous adhesions between the dura and the ventral surface of the laminae were divided using nerve dissectors. Epidural venous plexus hemorrhage was controlled with bipolar electrocautery or application of Gelfoam (Pfizer, Inc., New York, NY, USA). An autologous spinous process/graft plate construct ( Fig. 2A ) was used to hold the door open (Fig. 2B) , and appropriate lengths of Centerpiece plate and bone block were determined by the height of the lamina elevation, which could be measured using bone trials (Fig. 2C ). On the hinge side, bone chips harvested from the resected laminae were inserted into the residual gutter (Fig. 2B) , and another graft plate was applied for fixation. All the Centerpiece plates were securely fixed using 5-or 7-mm mini screws from the plate set. Finally, the residual hypertrophic ligamentum flavum and adjacent laminae extending under the edge of the reconstructed laminae were resected completely using a Kerrison rongeur. (Figs. 3, 4 , 5). Postoperative Care
Patients were required to stay in bed for the first week after surgery. They were then allowed to stand and walk with a cervical collar. The collar was recommended to be worn for 4 weeks postoperatively, after which patients were encouraged to perform gradual mobilization in flexion-extension, rotation, and side bending as tolerated.
Evaluation of Surgical Outcome
Surgical outcomes were assessed by review of clinical data and imaging examinations from before surgery; 3, 6, and 12 months postoperatively; and annually thereafter.
Clinical Evaluation
Neurologic conditions were assessed using the scoring system developed by the Japanese Orthopaedic Association (JOA), and functional improvements in JOA scores were expressed as recovery rate (RR) [16] . The RR was determined as follows: RR (%) = (postoperative JOA score -preoperative JOA score)/(17 [normal functional score] -preoperative JOA score)6100. The RR for each patient was classified into 4 grades: those greater than 75% were categorized as excellent for activities of daily living, those that were 50%-74% were categorized as good, those that were 25%-49% were categorized as fair, and those that were less than 24% were categorized as poor. Postoperative neck pain was measured using a 10-point (10-cm) visual analog scale (VAS).
Radiologic Evaluation
Alignment of the cervical spine was assessed using the lordotic angle measured between C2 and C7 according to Cobb's method on a neutral-position lateral plain radiograph (Fig. 6 ). Cervical range of motion (ROM) was measured as the difference between Cobb angles at maximal flexion and extension on anteroposterior (AP) radiographs (Fig. 7) .
The AP diameter of the spinal canal at the reconstructed level was measured as the distance between the posterior surface of the vertebral body and the innermost cortical surface of the reconstructed lamina at the C4 or C6 level, based on a crosssectional view on CT scan. Bone healing was defined as the presence of cancellous or cortical bridging bone, or the absence of any radiolucent defect on the hinge or open side, on each reconstructed lamina on CT scan.
Dural sac expansion was evaluated by measuring the crosssectional area of the dural sac at the maximally compressed level on T2-weighted magnetic resonance images. The sagittal sectional area of the dural sac was measured using a cursor to trace the outline of the spinal cord on the maximally compressed slice, and the cross-sectional area was calculated by integrating the sagittal sectional area [17] . Surface-rendering software (GE Healthcare, Waukesha, WI, USA) was used for all measurements.
To estimate the posterior shift of the spinal cord, the distance from the rigid anterior wall of the spinal canal to the posterior edge of the spinal cord at each vertebral body or disk level between C2 and C7 was measured on MRI [18] .
Operative duration, estimated blood loss, and intra-and postoperative complications (such as C5 palsy, axial pain, dural tear, cerebrospinal fluid leakage, infection, kyphosis, hardware failure, and lamina reclosure) were also noted.
Statistical Analysis
Results were analyzed using PASW Statistics for Windows, Version 18.0 (SPSS Inc., Chicago, IL, USA). Descriptive statistics were used for demographics, and Student's t-test was used for continuous variables. Significance was set at P,0.05.
Results
Patients' demographic and primary clinical data are presented in Table 1 . 
Clinical Outcome
The mean postoperative JOA score improved significantly (P, 0.001) compared with preoperative JOA. One hundred one patients (87.1%) were found to have either excellent or good recovery rate. Mean JOA recovery rate was 65.3%. No patient's condition worsened after surgery.
Radiologic Outcome
Mean cervical lordotic angle decreased from13.3 degrees preoperatively to 8.4 degrees by 1 year after surgery (P = 0.004), but neurologic function did not deteriorate. Postoperative cervical ROM was preserved, and the difference between postoperative and preoperative cervical ROM was not significant (P = 0. 252).
CT scans showed a mean 6.7-mm increase in sagittal diameter at the reconstructed levels after surgery. The mean bone healing rates 3 months after surgery were 94.4% on the hinged side and 82.3% on the open side (Fig. 5B) , and 1 year after surgery, evidence of bone healing was seen in all patients (Table 2) .
Mean dural sac cross-sectional area at the maximally compressed level, as assessed on MRI, significantly increased from 95.1 mm 2 before surgery to 164.0 mm 2 3 months after surgery (P, 0.001), with a mean 3.3-mm posterior shift of the spinal cord. MRI data for dural sac cross-sectional area and posterior shift of the spinal cord at final follow-up were similar to those 3 months after surgery, with no significant differences detected (Table 3) . MRI data 1 year after surgery also showed satisfactory expansion of the spinal cord, and no significant concave defect on the dorsal side of the dural sac between the reconstructed levels was found in any patient (Fig. 1C, D) .
Complications
The dura mater was torn during the operation in six patients. Only one patient presented with leakage of cerebrospinal fluid postoperatively, and this patient recovered after revision of the wound and application of a pressure dressing. No severe intraoperative complications such as spinal cord injury or bleeding 
Discussion
The pathophysiology of CSM with HLF includes direct dorsal compression (Fig. 1A, B) . During neck extension, an HLF buckles and impinges on the spinal cord [19] . Thus, it is necessary to expand the spinal canal and resect the ligamentum flavum to reduce posterior compression. However, in laminoplasty performed currently, the ligamentum flavum is preserved.
For CSM patients with HLF or OLF, our aim was complete removal of the ligamentum flavum and reconstruction of the bony laminar arch with rigid fixation; thus, we developed the new posterior hybrid decompression method, in which laminoplasty was interrupted by laminectomy and fixed with a spinous process autograft employing the Centerpiece plate (Figs. 3; 4A, B; 5) . As demonstrated by the significantly increased JOA score, this approach yielded a satisfactory clinical outcome, with no neurological deterioration observed in our patients. Furthermore, the JOA score recovery rate was 65.3%. The mean increase of 6.7 mm in sagittal diameter at the reconstructed levels and 3.3-mm drift-back of the spinal cord, together with the significantly increased cross-sectional area of the dual sac, demonstrated satisfactory and stable spinal cord decompression.
Taking the sagittal bowstring effect [20] into consideration and to achieve a satisfactory dural sac expansion, in our department, we perform a five-level hybrid decompression for all patients with CSM resulting from anterior plus dorsal spinal cord compression or dorsal compression only, to achieve a relatively complete decompression effect. We do not perform this hybrid decompression procedure for patients with cervical ruptured disc herniation, cervical kyphosis, cervical instability, or comorbidities such as severe diabetes mellitus, which we consider contraindications for this procedure. Considering the possibility of autograft lamina nonunion, hybrid decompression with autograft employing a Centerpiece is not indicated for patients with severe diabetes, who have low bone-regeneration ability [21] and in whom there is a high incidence of deep wound infection. In our department, we consider patients with cervical instability to be indicated for the laminectomy-plus-fusion procedure [5, 22, 23] and patients with cervical ruptured disc herniation or kyphosis to be indicated for an anterior procedure or anterior-plus-posterior approach [24, 25] .
In previous studies, the most common reason for failure of laminoplasty has been restenosis owing to hinge closure [26] . With suture fixation, restenosis from premature hinge closure has been reported at rates ranging from 1.5 to 34% [12, [27] [28] [29] . Therefore, maintaining the expansion of the spinal canal is important to successful laminoplasty [30] . In the hybrid decompression technique presented in this study, the reconstructed laminar arch was fixed by Centerpiece plates in combination with bone block (Figs. 2B, 3 , 5B), which provided immediate stabilization of the laminae. During the follow-up period, there was little change in the enhanced spinal canal (Fig. 5A) , indicating satisfactory clinical efficacy of the procedure. The bone block dislocation that has been described in the literature [29] was not observed, which may have been accomplished by the rigid fixation of the bone block on the Centerpiece plate by one mini-screw ( Fig. 2A) . Generally, autograft is the ideal osteoconductive and osteoinductive material [31, 32] . Therefore, to facilitate early bone osteosynthesis, we placed an autologous spinous process block on the open side and spinous process chips on the hinge ( Figs. 2A, B ; 5B). In this study, 6 months after surgery, bone healing rates were 100% on the hinge and 92.2% on the open side. This could also be the reason why no instrumentation dislodgement was observed. On the open side, bone blocks 10 to 14 mm in length were used to produce a mean dorsal spinal cord shift of more than 3 mm and a mean sagittal canal diameter of more than 4 mm, which have been associated with good surgical outcomes [18, 33, 34] .
The hybrid decompression procedure partially reestablished the posterior wall of the spinal canal. However, MRI data 1 year after surgery and data from the final follow-up records showed that all patients had a satisfactory dural sac expansion and that no notably compressed concave defects on dorsal side of dural sac were observed between laminoplasty levels (Fig. 1C, D) .
Segmental motor paralysis, or so-called C5 palsy, is seen occasionally in patients treated with laminoplasty, and mean incidences of 5-8% have been reported [35] [36] [37] . The exact etiology of C5 palsy remains unclear; possible causes include the nerve root injury and segmental spinal cord disorder [15] . In the present series with the hybrid decompression technique, no patient developed a C5 palsy postoperatively. We hypothesize that this lower incidence of C5 palsy with the hybrid technique may be caused by resection of the ligamentum flavum.
Axial neck pain is the most frequent complaint after cervical laminoplasty, with reported rates of 6-60% [15, [38] [39] [40] . The exact cause of neck/shoulder pain is unclear, but the imbalance of posterior neck muscle distribution, the sinking or nonunion of the hinge of the expanded laminae, and inadequate dural expansion may be the related factors [41] [42] [43] . VAS scores in this study indicate that four patients (3.5%) had mild axial pain after surgery. The spinous process resection performed in this hybrid technique allows for the collateral paravertebral muscles to become symmetrically distributed become wound closure, and rigid fixation and spinous process autografts causes sinking or nonunion of the laminae to occur only rarely. The above may explain the experience of only mild axial neck pain postoperatively, but further investigation is needed.
No postoperative kyphosis was noted in our patients, which was similar to the overall rate of 0-10% that has been reported after laminoplasty [11, 33, 44] . The rate of 36.8% for loss of cervical lordosis postoperatively was within the reported range of 22-53% for laminoplasty in the literature [45] . The 8.8% decrease in cervical ROM after the hybrid decompression in this series compared favorably to that reported after laminoplasty (range, 12.0-51.0%) [33, 45] . Moreover, no patient complained of limited neck motion.
The main shortcoming of this retrospective study was the lack of a control group; thus, this hybrid decompression technique cannot be recommended over other posterior surgical options. The second weakness was the absence of an independent radiologist to review the postoperative films. Further randomized clinical trial studies from both mechanical and clinical aspects with long-term follow-up are required.
Conclusions
The results of the current study suggest that this posterior hybrid decompression, laminoplasty interrupted by laminectomy and fixed by Centerpiece plate combined with spinous process autograft, may be a safe and effective treatment for cervical myelopathy with hypertrophy or ossification of the ligamentum flavum.
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